component of the spectrum associated with neuronal activation. In a minority of electrodes showing particularly high activations the exponent reduction was associated with specific band-limited power modulations: emergence of a high gamma (80 -100 Hz) and a decrease in the alpha (9 -12 Hz) peaks. Importantly, the peaks' height was correlated with the 1/f exponent on activation. Control simulation ruled out the possibility that the change in 1/f exponent was a consequence of the analysis procedure. These results reveal a new global, cross-frequency (10 -100 Hz) neuronal process reflected in a significant reduction of the power spectrum slope of the ECoG signal.
ECoG; electrophysiology; power spectrum; 1/f; narrow-band gamma A MAJOR ADVANCE in our understanding of human cortical function has been obtained through invasive recordings, conducted for clinical purposes in epilepsy patients (e.g., Mukamel and Fried 2011) . The more common method applied in such diagnostic procedure has been electrocorticogram (ECoG) recordings, which are mass potentials, obtained from small electrodes placed directly on the cortical surface. In parallel with extensive research in nonhuman primates, it has been established that the frequency content of such electrophysiological signals is modulated by mental states and behavior (Buzsáki and Draguhn 2004; Fries et al. 2001; Gray and Singer 1989; Henrie and Shapley 2005) . A large body of research has been focused on attempts to characterize the functional roles that specific frequency bands play in cortical processing (Buzsaki 2006) .
Previous ECoG studies revealed a stimulus-related broadband power increase in the frequency range of 40 -150 Hz during visual, motor, and auditory tasks (Crone et al. 2001; Fisch et al. 2009; Lachaux et al. 2000; Miller et al. 2009; Nir et al. 2007; Ossandón et al. 2012; Privman et al. 2007 ). At the low frequencies, power decreases (also termed event-related desynchronization, ERD) were reported during sensory activation (Berger 1929; Chatrian 1976; Pfurtscheller and Aranibar 1977; Ramot et al. 2012) . A clear association between the broadband gamma increase and neuronal firing on the one hand (Manning et al. 2009; Mukamel et al. 2005; Nir et al. 2007 ) and the ERD on the other has been reported (Crone et al. 1998b; Mukamel et al. 2005; Ramot et al. 2012 ).
In parallel, numerous studies have demonstrated that the LFP and ECoG signals span a broad range of frequencies that follow a 1/f function, where the power is inversely proportional to frequency, f, with a scaling exponent (Dehghani et al. 2010; Freeman and Zhai 2009; He et al. 2010; Henrie and Shapley 2005; Manning et al. 2009; Miller et al. 2009; Milstein et al. 2009; Nir et al. 2008; Pritchard 1992) . Although this power to frequency "power law" relation is ubiquitous in neuronal activity, its function and origin are still unclear (Bak et al. 1987; Bédard and Destexhe 2009; He 2014) . The 1/f component was often considered either as noise or attributed to the frequency-dependent filtering properties of the extracellular medium (Bédard et al. 2004 ). More recently, the frequencydependent filtering hypothesis was ruled out (Logothetis et al. 2007 ) and the 1/f spectrum was suggested to be related to neural activity (El Boustani et al. 2009; He et al. 2010; Nir et al. 2008) . While these findings begin to reveal the full extent of spectral responses in neural populations, the relation between different spectral components remains unclear.
Consequently, our aim in this study was to search for possible relationship between the different ECoG spectral characteristics: the broadband 1/f component and the band-limited "bumps" appearing on top of the broadband component. To that end, we separated these components of the spectrum and analyzed them independently. Our results reveal a global reduction in the exponent of the 1/f component spanning a wide frequency range (10 -100 Hz). In a minority of electrodes showing particularly high responsivity, we found also modulations in band-limited peaks appearing on top of the 1/f component in the alpha and gamma range. The peaks' height was correlated to the exponent , thus suggesting a link between broadband and band-limited spectral phenomena.
MATERIALS AND METHODS

Subjects and Data Collection
Six subjects participated in the present study [4 women, 27 .5 Ϯ 3.9 yr old (mean Ϯ SE), see Table 1 for details] with pharmacologically intractable epilepsy, monitored for presurgical evaluation. The recordings were conducted at the patients' quiet bedside. Stimuli were presented via a standard LCD screen and keyboard responses were recorded. The data were collected in Long Island Jewish Medical Center, New York, and Columbia University Medical Center, New York. All patients provided fully informed written consent according to the US National Institutes of Health guidelines, as monitored by the local institutional review boards, which approved the study protocol. Each patient was implanted with 104 -126 intracranial electrodes for 5-10 days. The electrodes were arranged in subdural grids, strips, and/or depth arrays (Integra Lifesciences). In the subdural grids and strips, each recording site was 2 mm in diameter with 1 cm separation, whereas in the depth electrodes each recording site was 1 mm in diameter with 0.5 cm separation. The location and number of electrodes were based solely on clinical criteria. The signals were filtered electronically between 0.5-500 Hz or 0.1 Hz-1 kHz and sampled at a rate of 1 kHz or 2 kHz, respectively (XLTEK EMU 128 LTM System). A strip electrode screwed into the frontal bone near the bregma was used as common mode ground and reference. Stimulustriggered electrical pulses were recorded along with the electrophysiological data for precise synchronization of the stimuli with the neural responses.
Electrode Localization
Computed tomography (CT) scans following electrode implantation were coregistered to the preoperative MRI using iPlan Stereotaxy software (BrainLAB) to determine electrode positions. The threedimensional brain image thus mounted with electrode locations was normalized to Talairach coordinates (Talairach and Tournoux 1988) and rendered in BrainVoyager software in two dimensions as a surface mesh, enabling precise localization of the electrodes both with relation to the subject's anatomical MRI scan and in standard coordinate space. For joint presentation of all participants' electrodes, locations were projected onto a cortical reconstruction of a healthy subject from a previous study. Given the large number of electrodes and in order to facilitate the data presentation, we subdivided the electrodes into groups based on rough anatomical considerations (see Fig. 9 , bottom). It should be emphasized that these subdivisions were approximate since no independent functional delineation based on fMRI was available in these patients. Each electrode was attributed to one of seven regions: low visual, high visual, parietal, auditory, somatosensory, motor, and frontal. Low visual regions included early, retinotopic visual areas, that are at low order in the visual hierarchy, while high visual refers to downstream, category-selective cortical regions that are at high levels in the visual hierarchy (Fig. 9, bottom) .
Visuomotor Task
Pictures of faces of both sexes (Minear and Park 2004) were presented followed by a delay interval of 1.5-to 4-s duration terminated by an auditory cue (beep sound). Upon hearing the cue, patients were instructed to press a button to indicate whether the preceding picture was of a man or a woman. Baseline time window for each trial is defined as 500 ms before visual stimulus onset and activation time is 150 until 650 ms after stimulus onset, excluding the trigger execution period.
Object Recognition Task
The patients viewed gray scale digital photographs of faces, manmade tools, buildings, and geometric patterns, which were superimposed with a small white fixation dot. The images were presented for 250 ms in pseudorandom order at a rate of 1 Hz, while the patients performed a 1-back memory task (i.e., pressing a mouse button each time a specific image repeated twice in a row). Stimulus repetitions were infrequent ‫%01ف(‬ of the trials) and were mainly used to keep the patient alert.
Data Analysis
All data analyses were performed using custom-written MATLAB (R2014b) programs (Mathworks).
Preprocessing
Each electrode was rereferenced by subtraction of the averaged signal of all the electrodes, thus discarding nonneuronal contributions ). The 60-Hz frequency line noise and its harmonics were removed with Butterworth bandstop filter (MAT-LAB, butter). Loose electrodes were identified by spectrograms and were removed (up to 5 electrodes per patient). The patients did not experience epileptic seizures during the recordings; however, an additional preprocessing stage was completed and the trials which were suspected to be contaminated by interictal epileptic discharges (IEDs) were removed and the data reanalyzed (see Table 3 ). In addition, we defined pathological channels by using IED detection algorithm (Janca et al. 2014) , which was shown to be more objective and superior to human detection. The algorithm adaptively models statistical distributions of signal envelopes and enables discrimination of signals containing IEDs from signals with background activity. Irrespectively to task-defined trials, the electrodes that showed IEDs rate higher than algorithm's false positive rate of 8.5 IEDs/min (the IED detected by algorithm but not by human reader) were defined as pathological (n ϭ 64, of 720 total) (for details and code, see Janca et al. 2014) .
Spectral Analysis
Power spectral density (P raw ) was estimated by multitaper method (Thomson 1982) . To achieve spectral resolution similar to CGSA (see below), each time interval, T seconds length, was divided to two nonoverlapping windows. We used orthogonal Slepian tapers (n ϭ 5, T/2 length) to minimize spectral power leakage. The tapers were generated with discrete prolate spheroidal sequences function (dpss, MATLAB). The signal was zero mean and projected onto each taper, padded with zeros to T length (Thomson 1982) and the discrete Fourier transform (Ᏺ) was computed by FFT algorithm (MATLAB) and multiplied by its conjugate to produce the power spectrum. For each trial, the power spectrum was averaged over two nonoverlapping windows and tapers. The spectral resolution achieved was 1/T: 2 Hz for 0.5-s intervals and 1 Hz for 1-s intervals. R and L are right and left, respectively; O, F, T, and P are occipital, frontal, temporal, and parietal, respectively.
1/f Component Extraction
We used coarse-graining spectral analysis (CGSA) by Yamamoto and Hughson to extract the 1/f components of the spectrum (He et al. 2010; Yamamoto and Hughson 1993) . Briefly, the method is based on the scale-invariance property of 1/f signal: it will retain its power when rescaled in time and cross-correlated with the original, nonrescaled time course. In contrast, rescaling in time of harmonic components causes a complete loss of spectral power when cross-correlated with the original.
To obtain the 1/f component we used the following algorithm. 1) Cross-spectrum S xx 2 was computed between the signal where each second sample was taken, x 2 (contracted in time by factor of 2 and resulted in T/2 length), and the raw signal x 1 : S xx 2 ϭ Ᏺ ͑x 1 ͒ Ᏺ ͑x 2 ͒ . The procedure was conducted for odd and even samples, which were used for cross-spectrum with first and second x 1 halves. The signal contraction constrained the spectral resolution to 2 Hz for 500-ms intervals.
2) Cross-spectrum S xx 1⁄2 was computed between the signal where each sample was duplicated x 1/2 (dilated in time by factor of 2) and the
The rescaling in time in both directions 1 and 2 is necessary to correct for arbitrary chosen rescaling factor of 2 (see Yamamoto and Hughson 1993 for details) . All the time series components were projected first on the Slepian tapers and cross/auto spectrum results were averaged over tapers (similarly to the raw power spectrum estimation).
Permutation Test
The samples from two sets were randomly divided into two new sets regardless of their labels; the mean difference between two sets was computed across k ϭ 1,000 permutations. The P value was estimated as the probability of the mean difference computed on random groups to differ from the original groups.
Raw Power Modulation
The significance of the raw power stimuli-induced modulation was assessed by a random permutation test for the power values in each frequency bin (2 Hz width) defined by spectral analysis in a range of 10 -100 Hz (alpha ϭ 0.05, Bonferroni corrected for number of bins).
1/f Component Linear Model
The linear model for 1/f component of each trial was estimated by iteratively reweighting the least squares with the bisquare weighting function (MATLAB, robustfit), and the exponent was extracted. The fraction of variance explained was computed as [1 Ϫ (var err /var tot )], where var err is the variance of linear model errors and var tot is the total variance. The difference between 1/f scaling exponents during activation and baseline, base Ϫ act , is termed "rotation." Significance levels of rotation for each electrode were assessed by a paired t-test (␣ ϭ 0.05, Bonferroni corrected). Intersection frequency is the frequency value of the intersection point between the 1/f functions fitted during visual activation and baseline. For each electrode we computed the estimation of the probability density function (PDF) of intersection frequency distribution; its peak value represented the intersection frequency of the electrode. The PDF was estimated by kernel smoothing using normal kernel function (MATLAB, ksdensity) in the range of 0 -1,000 Hz frequencies.
Band-Limited Peak Detection
The peaks were selected on the remaining power components after the 1/f component removal (P raw Ϫ P 1/f ), averaged over trials and satisfying the following conditions: 1) being a local maximum, and 2) the power was significantly modulated by stimulus (permutation test, see Raw Power Modulation above).
Synthetic Peaks
For each trial for electrodes with significant gamma peak we found a maximal point in the gamma range. A mixture of 7 sine waves was generated with the same central frequency and amplitude as of the maximal point. This mixture was added to baseline time course and spectral analysis was applied. The synthetic ϳ30-Hz wide peaks appeared in the raw power spectrum (see Fig. 8 ) comparable to peaks in activation trials. Similar analysis was done for electrodes with significant alpha peaks, which decreased upon activation. A sine wave with the same frequency of alpha peak in baseline and amplitude equal to difference between alpha peak in baseline and activation was added to activation trials.
RESULTS
ECoG signals were recorded from six patients implanted with 104 -126 electrodes for clinical purposes, 720 in total (Table 1 ). Patients performed two tasks: a visuomotor task and an object recognition task. The visuomotor task included a brief presentation of faces of both sexes for 250 ms, followed by a blank interval presented for a random duration (1.5-4 s), terminated by an auditory cue (Fig. 1A) . The participants were instructed to focus on the fixation cross and identify the sex of a face by pressing a button following the auditory cue. The anatomical distribution of electrode sites detected by post implantation CT and MRI scans (see MATERIALS AND METHODS) covered a substantial cortical territory (Fig. 1B) . Finally, to expand the analysis to additional visual categories, we used the data from a one-back object recognition memory experiment where images of faces, patterns, houses, and man-made objects were presented (see MATERIALS AND METHODS).
To examine spectral changes associated with the visual response in the visuomotor task, we analyzed separately two time windows: a baseline period extending 500 ms prior to the visual stimulus presentation, and an activation period lasting from 150 ms until 650 ms after the stimulus onset, consistent with known response latencies to faces and to reduce adaptation effects (Fisch et al. 2009 ) (see Fig. 1C ). The intertrial period was not constant, thus reducing expectation effects during the baseline time window. The onset of higher frequency activity in single trials and the event-related potential (ERP) onset both correspond to the activation window onset (Fig. 1C ).
Spectral Components: 1/f and Band-Limited Peaks
Conventional spectral analysis included spectrograms showing relative power changes over time, averaged over trials ( Fig. 2A , first column). Typical visual responses showed an increase in power across a broad range of high frequencies, compatible with previous findings (Fisch et al. 2009 ). The average relative power of the activation time window normalized by baseline ( Fig. 2A , second column) showed a highfrequency spectral peak. The relative power, however, is showing only a partial picture of spectral response, and it is not clear what transformation was applied to the baseline that leads to the activation spectrum. Therefore, a more comprehensive view of the broadband power modulation can be obtained by visual inspection of the raw power spectrum during the baseline vs. activation ( Fig. 2A , third column). Comparing these raw power spectra revealed three consistent phenomena, which will be quantitatively described in the next sections:
1) 1/f spectrum. The raw power spectrum could be approximated by a straight line on a double-logarithmic scale in a broad frequencies range (10 -100 Hz) following previous findings (Dehghani et al. 2010; He et al. 2010; He 2014; Miller et al. 2009; Milstein et al. 2009) .
2) reduction upon activation. The slope of the approximated power-spectrum line was smaller on activation. We describe this broadband phenomenon as counter-clockwise "rotation" of the log-log activation spectrum relative to baseline.
3) Band-limited peak modulations. An increase in bandlimited power, superimposed on the 1/f spectrum, appeared as a peak centered around frequencies of 80 -120 Hz, particularly during the activation condition. Figure 2C illustrates these three characteristics of the ECoG spectral response.
Separation Between the 1/f Spectral Component and the Band-Limited Peaks
In order to quantitatively analyze the broadband activity changes, we first separated the 1/f component from the bandlimited peaks superimposed on it. To extract the 1/f in a robust manner, we used the coarse graining spectral analysis (CGSA) introduced by Yamamoto and Hughson (Yamamoto and Hugh- Fig. 1 . Experimental setup. A: the sequence of a visuomotor paradigm: an image of a face was presented for 250 ms, followed by a random-time (1.5-4 s) blank interval followed by an auditory cue. The task was to identify the sex of a face, by pressing a button on auditory cue. Eighty-eight trials were presented to each patient. B: recording sites locations (red points) were obtained from CT and MRI scans of each subject, superimposed on a single subject cortical reconstruction for group analysis (see MATERIALS AND METHODS). C: baseline and activation ECoG signals were selected from the recorded time course (baseline: 500 ms prior stimulus onset; activation: 150 -650 ms after stimulus onset). The raw data from 5 single trials are shown (thin lines) and the event-related potential (ERP) is shown below in a thick line, averaged over 88 trials recorded from one electrode.
son 1993) and utilized in neuroscience (He et al. 2010; Pereda et al. 1998; Valencia et al. 2012 ). This method does not take prior assumptions on the signal and extracts the 1/f components if any are present; therefore, we could separate the band-limited peaks that could interfere with the exponent estimations (see MATERIALS AND METHODS) . Since the ECoG signal was already shown to follow a 1/f spectrum (for review, see He 2014), the important question explored here was whether the exponent of this approximation remained unchanged or was affected by the sensory-motor response.
To that end the exponent was estimated from the 1/f component in the 10-to 100-Hz frequency range for each trial during the baseline and the activation time windows (see Fig.  2D and MATERIALS AND METHODS). The frequency range of 10 -100 Hz was chosen because of the relatively short (500 ms) duration of our signal sampling window and the possible distortion at Ͻ10 Hz frequencies. The 100-Hz limit was chosen since possible action potentials contamination from nearby neurons was reported at higher than 100 Hz frequencies (Schomburg et al. 2012) . Note that the exponent remarkably decreases in the activation condition and the band-limited peaks on top of the 1/f component could be observed in the raw power spectrum (Fig. 2D) .
Exponent Decrease Is Induced by Visual Stimuli in Visual Cortex Electrodes
We tested all electrodes (n ϭ 720) for significant stimuliinduced exponent change (either positive or negative) throughout the cortex (paired t-test, P Ͻ 0.05, Bonferroni corrected). We found 80 electrodes with a significant exponent decrease upon activation ( base Ϫ act Ͼ 0, Fig. 3 ). This robust phenomenon was evident in single trials (Figs. 2D and 3A) and electrode averages (Fig. 3B) . The electrodes that showed visual stimuli-induced exponent modulation were located mostly in the visual cortex (Fig. 3C) . Only a small minority of electrodes (1% from n ϭ 720 total) was found with opposite small-magnitude rotation (exponent Fig. 2 . ECoG data and spectral analysis. A: spectral analysis for 4 electrodes located in visual cortex. The first column shows spectrograms averaged over trials (n ϭ 88, normalized by prestimulus 250 ms). The second column is a relative power (power in activation window normalized by power in baseline) on a double-logarithmic scale, which demonstrates the broadband frequencies power increase. The third column shows the raw power spectra on log-log scale for activation and baseline windows and includes broadband and band-limited responses. B: location of the electrodes presented in A. C: illustration of the stimuli-induced spectral modulation depicts the activation power spectrum (red solid) and the baseline power spectrum (blue solid) on a log-log scale; see the exponent decrease in the 1/f component (red dashed) and the band-limited power increase. D: single trials spectral analysis for corresponding baseline and activation time windows (time courses are shown in Fig. 1C ). Raw power spectra are shown in black solid line, 1/f component in green dashed line. The exponents, , were estimated by a linear fit of the 1/f component on a log-log scale in 10-to 100-Hz range (green solid line). Fig. 3 . 1/f exponents are modulated by visual stimulus. A: 1/f components for 9 example trials for one electrode with significant exponent modulation shown at 10-to 100-Hz frequency range (red ϭ activation, blue ϭ baseline, black dashed line ϭ linear fit). B: example of 1/f component averaged over trials for 3 electrodes (88 trials) and all the trials average for electrodes with significant exponent decrease (n ϭ 80). Different intersection points are possible (see arrows). The difference between the baseline and activation exponents are shown in insets. C: bar plot of percentage of electrodes with significant exponent decrease (n ϭ 80) in each brain area relative to all electrodes implanted in that area. The highest percentage of electrodes with significant rotation was in low-visual areas. D: distribution of intersection frequencies (28.3 Ϯ 17.4 Hz, Ϯ ). E: distribution of raw power modulation above and below the intersection frequency (IF). The power at higher frequencies than intersection point is increasing relative to baseline (1.1 Ϯ 1.5 dB, P Ͻ 10 Ϫ8 ) while the power below is decreasing (Ϫ0.8 Ϯ 1.3 dB, P Ͻ 10 Ϫ5 ). F: mean relative power in 10-to 30-Hz range (top panel) and 40-to 100-Hz range vs. the intersection frequency. The higher was the intersection frequency, the bigger was the deviation from baseline (reduction) in low frequencies, while the opposite was true for the high frequencies, where the increased power was diminished at high intersection frequencies. G: rotation estimated in long (1 s) vs. short (0.5) intervals for all electrodes (gray). Significant positive rotation was found in 57 electrodes for both interval lengths (paired t-test, P Ͻ 0.05, Bonferroni corrected). increase, Table 2 ). In Fig. 3B it is evident that the intersection point between the baseline and activation 1/f component, which indicates the frequency where the power remained constant during visual activation, could vary between electrodes.
Furthermore, as is shown in Fig. 3F , there was a consistent relationship between activation level (reflected in gamma power increase) and the location of the intersection point. More specifically, with higher gamma the frequency of the intersection point shifted to lower values. The full distribution of intersection frequencies was skewed toward the low frequencies (28.3 Ϯ 17.4 Hz, Ϯ , Fig. 3D ); therefore as a result of the exponent decrease, the power above the intersection frequency increased, while the power below decreased upon activation (Fig. 3E) . The values of exponents averaged over trials were in the range of 1.6 -3.2, consistent with the values previously reported in ECoG studies (He at al. 2010; Miller et al. 2009 ). The exponent decrease was found in all patients and the average number of electrodes per patient was 13.4 Ϯ 6.4 electrodes ( Ϯ , n ϭ 6). The differences in number of electrodes were expected because of the different electrodes coverage, which was determined solely by clinical needs.
To verify possible spectral analysis edge effects, we tested the exponent modulation using only 1st-and 2nd-order symmetrical tapers. Of 80 electrodes with significant positive rotation that were found with 5 tapers, 76 were also significant using 2 tapers (paired t-test, P Ͻ 0.05, Bonferroni corrected for number of electrodes, n ϭ 720). Only 2 electrodes were significant with 2 tapers but not 5. Next, we tested the stability of exponent modulation for longer time windows. In this case we reduce the edges differences between activation and baseline trials, but also add a nonactive period into the activation window. Therefore, when taking longer intervals, we expect the result to be affected not just by the activation window edge, but also by the short duration (ϳ400 ms) of the responses. The baseline and activation windows were defined at 1 s length. Only baseline trials uninterrupted by motor response to previous stimulus were taken into account and only activation windows uninterrupted by the auditory cue. While the rotation magnitude in the 1-s intervals was smaller for most significant electrodes (Fig. 3G) we found significant positive rotation in 57 of 80 electrodes tested on 500-ms intervals (paired t-test, P Ͻ 0.05, Bonferroni corrected).
We also examined all electrodes with a significant raw power modulation in any frequency in the range of 10 -100 Hz (n ϭ 293, see MATERIALS AND METHODS). We found a significant average exponent decrease over this population [ Fig. 4A , paired t-test, base Ϫ act ϭ 0.1 Ϯ 0.17 ( Ϯ ), P Ͻ 10 Ϫ20 ]. Examining the goodness of linear model (explained variance) of the 1/f component showed remarkable levels of 96.5 Ϯ 1.2% and 96.4 Ϯ 1.3% ( Ϯ ) for activation and baseline, respectively ( Fig. 4B and MATERIALS AND METHODS) . The histogram of frequencies with significant raw power increases and decreases over the entire population of electrodes (Fig. 4C , permutation test, see MATERIALS AND METHODS) reveals that the frequency which showed the minimal change in power upon activation centered around ϳ35 Hz (arrow). Values are means Ϯ SD. VIS, visual responses to faces in visuomotor experiment and categories in object recognition (face, patterns, houses, and objects); AUD, responses to auditory cue; MOT, responses to button press; ND, not enough responsive electrode available, n Յ 6.
The 1/f Component Across Various Visual Categories, Auditory Cues, and Button Presses
To further confirm these results and examine whether the exponent modulation could be generalized to other visual categories we examined the ECoG responses during the object recognition experiment. In this task, images of faces, patterns, houses, and man-made objects were presented (see MATERIALS AND METHODS). The baseline and activation windows for the visual responses were defined identically to those used for the visuomotor experiment. The exponent decreased in 56, 17, 47, and 36 electrodes for each category, respectively, and these electrodes were mostly located in low visual areas as expected (see Table 2 and Fig. 5 ). The mean intersection frequency value was ϳ30 Hz for different visual categories, similarly to visual responses in visuomotor tasks (see Table 2 and Fig. 5) .
The 1/f component analysis was applied also to the auditory cue responses and the button presses. In the visuomotor experiment, the participants' task was to identify the sex of a face by button press when they heard an auditory cue; thus we expected the involvement of motor neural response even though the trials were locked to the auditory cue. For auditory responses we defined an activation window lasting from 100 to 600 ms after the auditory cue onset and a baseline window as 500 ms prior the auditory cue onset. We tested all electrodes for exponent change and found 48 electrodes with exponent decrease and 1 electrode with increase ( Table 2 ). The rotation amplitude was smaller than that found in visual responses and the intersection frequency was higher (ϳ40 Hz, Table 2 , Fig.  5A ). For button press we chose the same baseline time window as for the auditory cue; the activation window was for 500 ms starting at the button press onset. We found 79 electrodes with exponent decrease (Table 2) , which were located mostly at the somatosensory and motor cortexes (Fig. 5B) . The intersection frequency was even higher for button press responses, ϳ60 Hz.
Signal Artifacts Control Analyses
ECoG signals were carefully searched in each electrode for possible epilepsy-related or other artifacts. Each electrode's ECoG time course was inspected for interictal epileptiform events. All suspected trials were rejected and all the data were reanalyzed. The results were nearly identical to the raw data results (see MATERIALS AND METHODS and Table 3 ). We therefore opted to show the raw data in the previous analysis. We have also defined the pathological channels with the IED automatic detector (see MATERIALS AND METHODS and Janca et al. 2014) and found that only a minority of electrodes with significant rotation showed IED-defined pathological activity (n ϭ 2 for visual, n ϭ 5 for auditory, and n ϭ 9 for button press conditions).
Band-Limited Peaks Superimposed on Top of the 1/f Component
Next, we analyzed the band-limited peaks in power beyond the 1/f spectra that were computed by subtraction of the 1/f component from the raw spectra (Yamamoto and Hughson 1993) . The peaks were defined as local maxima where the power was also significantly modulated by the visual response (see MATERIALS AND METHODS and Fig. 6A ). We found 42 (from n ϭ 720 total) electrodes with significant gamma peak that Fig. 4 . 1/f component analysis in electrodes with raw power modulation. A: the mean rotation ( rst Ϫ act ) distribution of all electrodes with any power modulation (n ϭ 293) was significantly different from zero (one-sample t-test, P Ͻ 10 Ϫ15 ). B: distribution of variance explained for electrodes in activation (96.5 Ϯ 1.2%, Ϯ ) and baseline (96.4 Ϯ 1.3%, Ϯ ) for all electrodes with power modulation (n ϭ 293). C: distribution of frequencies where the power significantly increased (red) or decreased (blue) for all electrodes with power modulation (n ϭ 293). The trough (see arrow) is located at around 35 Hz, which is related to average intersection frequency. exponents are modulated by different sensory stimuli. A: average intersection frequency for electrodes with significant exponent modulation in object recognition experiment as response to face (blue, n ϭ 56), pattern (n ϭ 17), object (n ϭ 36), and house (n ϭ 47) visual stimuli and as response to button press (n ϭ 79) and auditory cue (green, n ϭ 48). The error bars represent SE. No significant difference was found between visual categories; for button press the intersection frequency was the highest and for auditory cue it was higher for all categories except patterns [oneway ANOVA, F(5,277) ϭ 32.05, P Ͻ 10 -25, post hoc Tukey HSD test, see Table 2 for Ϯ ]. B: anatomic location for electrodes in A, given by percentage of electrodes with significant exponent modulation relative to all electrodes implanted in that region (same color code as in A).
centered around 90 Hz [87.5 Ϯ 11.7 Hz ( Ϯ ), Fig. 6A , inset].
The height of the gamma peak in these electrodes was significantly correlated to the average relative power in the gamma range (Fig. 6B) . In contrast, the correlation between peak height and peak frequency was not significant, which is comparable to a recent study in monkeys (Jia et al. 2013) . As expected, due to the correlation between relative gamma power and gamma peak, the electrodes with gamma peaks were located mostly in the visual cortex (Fig. 6D) . We found also 72 electrodes with significant decrease in the alpha peak [11.7 Ϯ 0.9 Hz ( Ϯ )] upon activation (Table 2) ; the difference between alpha peaks in baseline and activation conditions was correlated to relative power in alpha range (Fig. 6C) . These electrodes were located mostly in low-order visual areas (Fig.  6E) . The gamma peaks were found in 7 Ϯ 7.3 electrodes and alpha peaks in 12 Ϯ 6.4 electrodes per patient ( Ϯ , n ϭ 6). The differences in number of electrodes were expected because of the different electrodes coverage, which was determined solely by clinical needs.
Similar results were found for the different categories in the object recognition experiment, except the "patterns" condition (see MATERIALS AND METHODS) where only 5 electrodes had alpha peak decrease (Table 2 and Fig. 7 ). The electrodes with alpha and gamma peaks were located mostly in the visual cortex. In the responses for auditory cue and button presses, we found 57 and 58 electrodes with significant modulation of the alpha peaks beyond the 1/f component (Table 2 ) but only 6 electrodes with a significant gamma peak. Most electrodes with a significant modulation of the gamma peak or the alpha peak were located at the auditory, somatosensory, and motor cortexes, as expected (Table 2) .
Control Analyses for Potential Band-Limited Peak Artifacts
It could be argued that the reduction we found in the 1/f exponent was merely a consequence of the emergence of the band-limited gamma peaks during activation. If this were the case, the 1/f component would be contaminated by the strong band-limited gamma increase during activation, leading to apparent reduction in exponent levels. One argument against this possibility relates to the goodness of fit for baseline and activation 1/f components. Distortion of the activation 1/f component induced by the band-limited power changes should be expected in the range of 60 -100 Hz, leading to reduced fit, if there were a substantial "leakage" from the band-limited bumps onto the linear 1/f component. We examined the electrodes for a difference in goodness of fit between baseline Fig. 6 . Band-limited power was modulated during visual response. A: the residual power after 1/f component removal is shown for 5 electrodes averaged over trials, for baseline (blue) and activation (red) conditions. The band-limited peaks are visible in the alpha and the gamma range, and their frequency value is shown. Distribution of peak frequencies in the gamma range is shown in inset. B: mean relative gamma power and band-limited peak heights were correlated. C: mean relative alpha power and difference between alpha band-limited peaks heights in baseline and activation were correlated. D: bar plot of percentage of electrodes with a band-limited gamma peak in each brain area relative to all electrodes implanted in that area. The highest percentage of electrodes is located in low-visual areas. E: bar plot of percentage of electrodes with a decreased band-limited alpha peak in each brain area relative to all electrodes implanted in that area. The highest percentage of electrodes is located in low-visual areas.
and activation trials specifically in the range of 60 -100 Hz, where the harmonic amplitude changes occurred. We found only 6 electrodes with a significant fit difference between baseline and activation (permutation test, P Ͻ 0.05, Bonferroni corrected for number of tested electrodes, n ϭ 720). The goodness of fit was better in activation condition in 1 electrode. The goodness of fit was better in baseline condition in 5 electrodes, but only one of these electrodes showed a significant gamma peak and rotation.
A second argument against the possibility that the exponent change was a consequence of the band-limited peaks modulations is the finding that a significant exponent change was observed even in electrodes showing no such changes. We found electrodes that showed a significant rotation but no gamma peaks (n ϭ 41) and a significant rotation but no significant alpha peak decrease (n ϭ 50).
Finally, a simulation was conducted specifically aimed at ruling out the possibility of slope contamination by the gamma peaks as follows. Based on the power spectra during baseline derived from all electrodes with a significant gamma peak and rotation (n ϭ 39), a "synthetic" sensory-driven power spectra simulation was generated. This simulated power spectra was constructed by adding a mixture of sine waves simulating the gamma "bumps" to baseline time course obtained in the nostimulus condition (see Fig. 8 and MATERIALS AND METHODS). The location of this synthetic peak was at a similar frequency and with the same amplitude as the maximal point in harmonic power found in the activation trials. Having generated thus an ECoG power spectrum function with band-limited power distortions similar to the sensory responses, we ran our analysis on this simulated "chimera" signal (see Fig. 8A ). We defined synthetic rotation as the difference between the exponents of the baseline 1/f component and the one generated by the synthetic power spectrum. Had the gamma peak caused the rotation, the synthetic rotation should have been similar to the actually measured one. In contrast, we found that the synthetic rotation was drastically smaller than the real one. Thus, while the mean synthetic rotation was 0.06 Ϯ 0.04 ( Ϯ , n ϭ 39), the real rotation measured was 6.8-fold larger (0.40 Ϯ 0.16, Ϯ , n ϭ 39). The difference was highly significant in the vast majority (95%) of electrodes (paired t-test, ␣ Ͻ 0.05, Bonferroni corrected, n ϭ 39). Figure 8B depicts a scatterplot showing the measured exponent rotation derived from the true activated spectra (y-axis) vs. the exponent derived from the synthetic "bump" simulation described above (x-axis). Similar analysis was done for electrodes that showed both a significant decrease in alpha peak and a significant rotation (n ϭ 30). The synthetic rotation was 0.09 Ϯ 0.06 ( Ϯ , n ϭ 30), significantly lower than real measured rotation 0.35 Ϯ 0.18 ( Ϯ , Fig. 7 . Band-limited power modulation in object-recognition experiment. A: gamma peak frequency was ϳ80 Hz for different visual categories: face (n ϭ 23), pattern (n ϭ 21), house (n ϭ 29), and object (n ϭ 23); error bars for SE. No significant difference was found between categories [one-way ANOVA, F(3,102) ϭ 1.58, P ϭ 0.19, see Table 2 for Ϯ ]. B: anatomic location of electrodes with emerged gamma peak given by percent of electrodes with significant gamma peak relative to all electrodes implanted in that area. Most electrodes were located at low visual areas. C: same as B but for electrodes with significant alpha peak decrease. Fig. 8 . Band-limited peaks in the gamma range did not affect the rotation. A: example of raw spectra for single trials of measured data, baseline (blue) and activation (red). Raw spectra for synthetic trials, which include the synthetic harmonic peak that was added to baseline time course, is shown in orange. The linear model of the 1/f component appears in dashed colored lines. B: scatterplot of measured vs. synthetic rotation, with dashed unitary line. Measured rotation ( ϭ 0.4) was computed as the difference in the baseline and activation exponents, averaged over trials. Synthetic rotation ( ϭ 0.06) is the difference between exponents in baseline and synthetic trials. The exponents were extracted from the 1/f component as described in MATERIALS AND METHODS.
n ϭ 30) in 27 of the 30 electrodes (90%, paired t-test, ␣ Ͻ 0.05, Bonferroni corrected).
1/f Exponent and Band-Limited Peak Height
Comparing the main components of spectral responsesexponents, band-limited gamma, and alpha peak heightsrevealed a significant correlation. The agreement was also evident in the substantial overlap of the spatial locations of the electrodes showing each of these parameter's changes (Fig. 9A) . We found negative correlation between the gamma peak height and the exponent during activation (r ϭ Ϫ0.38, P Ͻ 0.02) (Fig. 9B) and similar correlation was found in the object recognition experiment for faces, houses, and objects, but not patterns (Table 2) . We found a positive correlation between the alpha peak height and the exponent (r ϭ 0.51, P Ͻ 10 Ϫ5 ) and a similar correlation for the object recognition experiment except for the responses to houses (Table 2) . For auditory responses and button presses we found a correlation between alpha peak height and the activation exponent value, comparable to the correlation we found in visual responses (Table 2 ), but we did not have a sufficient number of gamma peaks for similar analysis (n ϭ 6). The distributions of the exponents in electrodes with significant alpha and gamma peaks were significantly different (Fig. 9D) , where gamma peaks occurred in electrodes with lower exponents on activation.
Next we compared the exponent change in the population of electrodes that had significant exponent change but did not show a significant gamma peak with those that did. Our results show a significant difference in the rotation value ( base Ϫ act ) of the two populations: 0.17 Ϯ 0.13 (n ϭ 46) vs. 0.3 Ϯ 0.2 (n ϭ 34) (2-sample t-test, P Ͻ 0.005), respectively. The Fig. 9 . Band-limited peaks and broadband power relation. A: inflated map of the cortex with the electrodes colored by rotation magnitude ( rst Ϫ act ), and gamma and alpha band-limited peaks heights. B: gamma band-limited peak height was significantly correlated to the exponent during activation. C: alpha band-limited peak height was significantly correlated to the exponent during activation. D: the distributions of exponents of activation window for electrodes with emerged gamma peak (2.05 Ϯ 0.2, Ϯ ) and electrodes with reduced alpha peaks (2.5 Ϯ 0.3, Ϯ ) were significantly different (2-sample t-test, P Ͻ 10 Ϫ13 ).
exponents on activation were lower for electrodes with gamma peaks (2.1 Ϯ 0.3, n ϭ 34) than in electrodes with no significant peak (2.5 Ϯ 0.3, n ϭ 46) (2-sample t-test, P Ͻ 10
Ϫ7
). Thus the gamma peaks occurred only in electrodes with largest rotation and lowest exponent on activation.
DISCUSSION
Our analysis of ECoG signals reveals that the complex dynamics of mass neuronal activation is reflected in two main effects: first, a reduction in the 1/f exponent in the broad range of frequencies of 10 -100 Hz (rotation); and second, modulation of band-limited power peaks, i.e., emergence of a peak in high gamma and decrease of the alpha peak amplitude. The band-limited peaks' heights were correlated with the exponent on activation, where the significant gamma peaks emerged in electrodes with lower exponents and higher rotation. These effects were found across the cortex and in responses to various visual categories, auditory and motor activity.
To the best of our knowledge, this is the first study to report a reduction in 1/f exponent as a consistent signature of neuronal activity in ECoG recordings. We found such exponent change across different cortical areas and tasks. Furthermore, a major advantage of this phenomenon is its dependence on a broad range of frequencies, suggesting it may serve as a reliable and sensitive means to assess neuronal activations in LFP and ECoG recordings.
It could be argued that the exponent reduction we observed was merely an artifact of the specific analysis employed, i.e., the approximation to a 1/f function may have suffered from distortions imposed by the high, band-limited gamma peaks that emerge in the activated electrodes. Three results argue against this trivial account. First, if our 1/f estimation procedure were inadequate in the face of the gamma peak distortions, we would expect a reduction in the fit of the estimate of the undistorted baseline, compared with the distorted, active state. Only one electrode with both rotation and band-limited gamma peak showed better goodness of fit during baseline than in the activation condition in the range of 60 -100 Hz. Second, imposing severe distortions, of similar magnitude both in the gamma peaks generated as well as alpha peak decreases upon activation, in simulated data failed to reproduce the magnitude of exponent changes that could explain the measured rotations (Fig. 8) . Finally, significant exponent changes were observed also in electrodes in which no significant gamma distortion was observed (n ϭ 41) and similarly, significant rotation was observed in electrodes in the absence of a significant alpha peak decrease (n ϭ 50), further confirming that the exponent change was not a direct consequence of the gamma bumps. The results were stable also for the first two symmetrical tapers analysis and for longer intervals of 1 s, thus arguing against a major role for edge effects. Thus we can safely conclude that the exponent reduction is a separate cortical phenomenon that is correlated, but not a direct outcome of the analysis procedure of the band-limited gamma peaks.
Two previous studies examined the possibility of an exponent shift in the ECoG power spectrum during a motor task in patients; however, in contrast to our findings, these studies reported a constant exponent in the 10-to 100-Hz frequency range (He et al. 2010; Miller et al. 2009 ). The difference may be due to examining power spectra averages, which may not reflect accurately the power spectra of single trials ͓log ͚iϭ1
Alternatively, the difference may be due to longer sampling durations. These differences suggest that the exponent modulation reported here might be a short-lived phenomenon that is compatible with the short time window needed for most neuronal computations (tens to hundreds of milliseconds). He et al. found an exponent decrease in ultra-low frequencies of the spectrum (Ͻ0.01 Hz), which was induced by button presses tasks. Unfortunately, our experiments did not allow such long time scales. An additional study tested the modulation in exponents of intracellular recordings in cat's visual cortex in vivo (El Boustani et al. 2009 ). The authors found that the exponent was not constant, but was modulated by the statistics of the presented visual stimuli. We confirm this finding in human extracellular neural population activity and extend it to motor and auditory modalities.
What could be the underlying electrophysiological processes that lead to the observed exponent decrease? Attempting to relate the observed changes to cortical organization, it should be noted that the cortex contains a rich connectivity pattern; thus the spiking activity of groups of neurons is not independent-instead, it is correlated on a range of time scales (Deco et al. 2011; Smith and Kohn 2008) . A plausible source of the 1/f spectrum might be a distribution of these timescales. We found that the exponent decreases during sensory and motor responses, reflecting a shift of power towards higher frequencies. This phenomenon could appear when pairwise crosscorrelations occur on shorter time scales during neuronal activation, thus generating faster fluctuations (Abeles 1991; Abeles et al. 1995; Bair et al. 2001; de la Rocha et al. 2007; Gutnisky and Dragoi 2008; Ostojic et al. 2009; Tan et al. 2014) . Furthermore, attentional effects, which are likely to be generated during the visual activation period, have been shown to reduce the amplitude of slow fluctuations in neuronal firing (Churchland et al. 2010) . Such effect may be reflected in broadband low frequencies and thus further enhance the exponent reduction observed in the power spectra during the visual activation period.
Another possibility could relate the power spectrum to the shape of synaptic potentials. Our analysis suggests that the synaptic potential rise and decay time constants would be shorter upon cortical activation. This process is expected due to the higher membrane conductance levels that are associated with high levels of postsynaptic excitations during neuronal activations (Mitchell and Silver 2003) that will lead to faster membrane potential fluctuations. However, the exact shape of the synaptic potential and its time constants distribution in the human cortex are unknown; therefore its relationship to the power spectrum of population signals remains to be studied.
Miller et al. proposed a model that explains the changes in ECoG signals upon activation as a uniform broadband increase in power spanning all frequency bands, which is concurrently sculpted by a band-limited reduction in power at the alpha-beta range (Miller et al. 2009 ). The latter effect has been considered a separate mechanism, similarly to the alpha block or the evoked response desynchronization (Crone et al. 1998a ) phenomenon. Compatible with this model, our data indeed show a decrease in alpha-beta power concurrently with the gamma power increase. However, we show that in parallel to these frequency-specific changes there was a more uniform effect, i.e., the exponent change that spanned from the alpha to the gamma bands.
The exponent modulation phenomenon was consistent over modalities; however, the intersection points of the "rotation," i.e., the frequencies in which no power change was observed upon stimulation which constitute the transition between the task-driven increases and decreases in power, were different: ϳ30 Hz for visual responses and ϳ40 Hz and ϳ60 Hz for auditory and motor, respectively (Fig. 5A, Table 2 ). The intersection frequency was also inversely related to the increase in gamma power. The intersection point relation to motor behavior was reported by Miller et al. (Miller et al. 2008) ; however, this phenomenon was hypothesized to originate in uniform power spectrum increase (constant exponent) and separate low-frequencies filtering. Our findings suggest that the phenomenon of alpha block is not a separate mechanism, but rather one component in a process that consists also of a rotation of the 1/f component or the entire 10-to 100-Hz spectrum, leading to a reduction in power below the intersection frequency and increased power above it (Fig. 3, E and F) . Under this formulation, the larger spatial spread of the ERD phenomena compared with the gamma increase (Crone et al. 1998b ) may be explained by the larger anatomical spread (including spreading across the skull boundary) of low frequencies compared with the localized nature of high-frequency gamma oscillations. Such differential anatomical spread is likely due to higher signal phase cancellations (due to, e.g., small temporal jitter in signal conduction times) that are expected to occur at high but not at low frequencies over distance. However, more studies are needed to clarify the basis of such differences in spatial spread.
The second task-driven phenomenon we describe is an increase in band-limited power ("peaks") at a high gamma frequency range and the decrease of a peak in low (alpha) frequencies. Our results are in agreement with previous findings of narrow band gamma increases to the extent that we see, particularly under high exponent changes, a band-limited increase in power (see Figs. 2 and 6 ). However, in our data, recorded from human cortex, the frequency of this bandlimited peak centered around higher gamma frequencies, i.e., 80 -100 Hz rather than the 35-85 Hz typically found in monkey and cat studies (Eckhorn et al. 1988; Gray and Singer 1989; Henrie and Shapley 2005) . Recently it was proposed, based on recordings in nonhuman primates, that moving from the anesthetized to the awake state causes a shift in the gamma peaks to higher frequencies (Xing et al. 2012) , which may partially account for our observed discrepancy. The source of the observed band-limited gamma power increase is not clear. In our analysis it was specific to the cases where the exponent reduction was particularly high. The effect may reflect a sort of "resonance" or synchronization of neurons, comparable to narrow band 40-Hz synchronization (Fries et al. 2001 ), but shifted to higher frequencies in the human cortex. However, an alternative explanation is spectral leakage of actual spiking activity, which has been shown to contain frequencies in the high gamma range (Scheffer-Teixeira et al. 2013; Schomburg et al. 2012 ). Finally, a simple network mechanism that could generate a gamma peak effect was proposed in a recent study (Xing et al. 2012 ) demonstrating that gamma peaks could be well simulated by a simple recurrent excitatory-inhibitory network, implementing essentially a filter that integrates random noise inputs.
Our results reveal a significant correlation between the exponent reduction and the increase in harmonic peak amplitude during the active state. Since, as described above, both these phenomena appear to depend on the level of neuronal activation, the link between the harmonic peak and the exponent change may simply be derived from this common source driving both phenomena. For example, in the modeling work of Xing et al. (Xing et al. 2012 ) the amplitude of the gamma harmonic peaks strongly depended on the level of inputs to the simulated network. In parallel, higher activity leads to reduced slow fluctuations (Churchland et al. 2010) , generating a concurrent reduction in power spectrum exponent. However, since the precise mechanisms that underlie these two phenomena are not fully clarified yet, the source of the link between them remains to be fully elucidated as well.
In our study, we demonstrate a neuronal response that unifies the power modulations across different frequency bands. However, it is important to emphasize that such uniformity does not necessarily rule out the possibility of frequencyspecific information transfer as well. For example, Belitski and colleagues examined LFP power spectra recorded from the primary visual cortex of anesthetized macaques (Belitski et al. 2008) and found that the presentation of naturalistic color movies elicited power modulations that conveyed complementary information about the stimuli in low and high frequencies. In our model, the regulation of frequency bands is mediated by an intersection point and an exponent, which can vary on different stimuli and in different electrodes.
It is important to emphasize that our analysis does not rule out the possibility that alternative, more complex, power spectrum function may actually fit the ECoG data better. However, the exponent change provides a straightforward fit to the data and may prove to be a sensitive new means for detecting neuronal activations in ECoG and LFP responses. Furthermore, the correlation found between the changes in exponent and the amplitude of the band-limited peaks suggests the possibility of further functional links between these seemingly separate expressions of neuronal activation.
